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300
INSTALL A MAGNETIC FIELD GENERATOR OF SUPERCONDUCTIVE
MATERTAL ARGUND THE AREA TO BE SHIELDED FROM RADIATION.
2 PROVIDE A THERMAL CONTROL SYSTEM IN THERMAL
COMMUNICATION WITH THE SUPERCONDUCTIVE MATERIAL.
304

POSITION A MAGNETIC SHIELD DEVICE BETWEEN THE
MAGNETIC FIELD GENERATOR AND THE AREA TQ BE SHIELDED
FROM RADIATION.

3o PROVIDE A RADIATION DETECTION DEVICE.
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METHOD AND DEVICE FOR MAGNETIC
SPACE RADIATION SHIELD PROVIDING
ISOTROPIC PROTECTION

CROSS-REFERENCES TO RELATED
APPLICATIONS

This application 1s a continuation-in-part of copending
U.S. patent application Ser. No. 11/046,401, filed on Jan. 28,

20035, which 1s hereby incorporated herein 1n its entirety by
reference.

BACKGROUND OF THE

INVENTION

1. Field of the Invention

The present invention 1s related to radiation shielding, and
more particularly, to a magnetic field generator of supercon-
ductive maternial for radiation protection.

2. Description of Related Art

The sun occasionally releases significant amounts of
charged particles during events known as coronal mass ejec-
tas (“CMEs”). The charged particles released during CMEs
include electrons, protons, and heavy ions. Such proton and
heavy 1on radiation can cause severe cell damage when
humans are exposed to such radiation. Additionally, sensitive
clectronic components and other devices may be adversely
alfected by such radiation. Therefore, even though CMEs are
relatively uncommon occurrences, the amounts of radiation
they could potentially inflict upon a crew and equipment of a
spacecrait gives rise for a need to shield part or all of such
spacecrait from such radiation. Similarly, a need exists for
radiation protection in other environments as well, such as
habaitats for celestial bodies such as the moon and Mars.

Studies of the time history build-up and decay of CME
charged particle flux densities conducted 1n recent years have
lead to the conclusion that CME tluxes are essentially 1sotro-
pic 1n nature by the time they reach the vicinity of the earth.
These fluxes are thrown out from the sun, immersed 1n a kind
of magnetic field, which acts to bottle up the CME flux, with
the energetic particles deflecting off the magnetic structure of
the CME plasma, with a mean free path of about 0.04 astro-
nomical unit. Thus, an energetic particle within the CME
typically undergoes well over 25 magnetic deflections
enroute to the earth, effectively scrambling the directionality
of the flux, leading to the requirement that for a shield to be
elfective, 1t must provide 1sotropic protection.

Shielding from proton and heavy 1on radiation may gener-
ally be accomplished by either absorbing the particles or by
deflecting the particles. To absorb the radiation, materials of
a thickness sufficient for the amount of energy expected from
the radiation, can be provided around an area that houses the
crew and/or sensitive equipment during a CME. However,
because of the significant amount of weight such a housing
would require, the use of radiation absorbing material 1s not
practical for space exploration and other applications. Addi-
tionally, the absorption of high energy particles releases a
different form of radiation such as gamma rays, neutrons, and
X-rays that pass through the shielding material and may harm
the crew and/or equipment.

Therefore, 1t 1s generally preferred to detlect the particles
of radiation rather than absorb them. One example of eflec-
tive deflection of CME radiation 1s the earth’s magnetosphere
which creates a magnetic field of enough flux density to
change the trajectory of such radiation particles from the sun
or elsewhere, thus causing the radiation to be diverted away
from the earth. Theretfore, 1t would be desirable to create an
artificial magnetosphere around an area, such as a spacecratt
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crew compartment, that required shielding from such radia-
tion. However, because of the need to minimize the weight
and energy consumption of spacecraits, systems for creating
such an artificial magnetosphere, for even a relatively brief
period of time, such as a day or two, have not been practical
based upon the amount of material and/or energy required.
A need therefore exists for a radiation shield that 1s rela-
tively lightweight and that requires relatively little energy.

BRIEF SUMMARY OF THE INVENTION

The mvention addresses the above needs and achieves
other advantages by providing a radiation shield device for
protecting an area from radiation. The radiation shield device
includes a magnetic field generator of superconductive mate-
rial that provides a magnetic field around the area to shield the
area {from radiation. In some embodiments of the invention,
the magnetic field generator 1s a solenoid comprising a coil of
Niobium-Titanium (NbT1) embedded 1n a copper wire. The
magnetic ficld generated preferably has a magnetic flux den-
sity between 0.5 to 10 Tesla. To cool the superconductive
material to a desired temperature, the radiation shield device
also comprises a thermal control system, which 1n some
embodiments of the mvention may be either an open loop
system including a coolant of liquid helium or liquid neon or
a closed loop refrigeration cycle.

The radiation shield device may also include a magnetic
shield device for substantially shielding the area from the
magnetic field generated by the magnetic field generator.
Preferably, the magnetic shield device comprises a layer of
high magnetic permeability/saturation material disposed
between the magnetic field generator and the area to be
shielded from radiation. Therefore, the radiation shield
device of one embodiment of the present invention shields an
area from radiation from CMESs and other sources, while also
providing protection from the magnetic field that provides a
shield to the radiation.

Further embodiments of the present invention include a
radiation shield device having a solenoid of superconductive
material for providing a magnetic field around the area to
shield the area from radiation, wherein the solenoid defines an
axial length that 1s substantially smaller than a diameter of the
solenoid. The solenoid of superconductive material prefer-
ably provides a magnetic field having a magnetic flux density
of 0.5 to 10 Tesla. The superconductive material of the sole-
noid may be a coil of Niobium-Titantum (Nb'11) embedded in
a copper wire that comprises at least 1,000,000 Ampere-turns.
The radiation shield device also includes a thermal control
system for controlling a temperature of the superconductive
material.

The present invention also provides methods for manufac-
turing a radiation shield device. One or more solenoids of
superconductive material are installed around the area to be
shielded from radiation, such that the solenoids define axial
lengths that are substantially smaller than, or less than 25%
of, the diameter. A thermal control system, such as an open
loop or closed loop system, 1s provided 1n thermal communi-
cation with the superconductive material to enable the tem-
perature of the superconductive material to be maintained
within a predetermined temperature range during subsequent
operation of the radiation shield device. The method of manu-
facturmg may also include positioning a magnetic shield
device between the solenoid of superconductive material and
the area to be shielded from radiation. The present invention
thus provides protection from radiation exposure to people
and/or equipment within a spacecrait or other structures. The
radiation shueld device preferably has a mimimal weight while
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requiring minimal energy to operate, thus making 1t feasible
to utilize 1n applications where weight and energy consump-
tion are critical parameters.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

Having thus described the mvention in general terms, ret-
erence will now be made to the accompanying drawings,
which are not necessarily drawn to scale, and wherein:

FI1G. 1 1s a side cross-sectional view of a prior art solenoid,
illustrating the magnetic flux lines and representing the mag-
netic flux density of the magnetic field as a function of dis-
tance across the solenoid:

FIG. 2 1s a side cross-sectional view of a magnetic field
generator of one embodiment of the present invention, 1llus-
trating the magnetic tlux lines and representing the magnetic
flux density of the magnetic field as a function of distance
across the magnetic field generator;

FIG. 3 1s a perspective representation of the magnetic field
generator ol FIG. 2, 1llustrating the paths of multiple particles
of radiation that are detlected away from the left side of the
magnetic field generator;

FIG. 4 1s a side elevational view of FIG. 3, further 1llustrat-
ing the paths of deflected particles of radiation and showing
an area that 1s shielded from radiation;

FIG. 5 1s a side cross-sectional view of a magnetic field
generator of a second embodiment of the present invention
having a magnetic shield device, illustrating the magnetic
flux lines and representing the magnetic flux density of the
magnetic field as a function of distance across the magnetic
field generator;

FIG. 6 1s a perspective view of a radiation shield device of
a third embodiment of the present invention, 1llustrating the
position of the magnetic field generator and magnetic shield
device relative to the area on a spacecrait that 1s substantially
shielded from radiation;

FIG. 7 1s a perspective, environmental view of the space-
craft of FIG. 6;

FIG. 8 1s a flowchart of steps for manufacturing a radiation
shield device according to one embodiment of the present
invention;

FIG. 9 1s a side cross-sectional view of a radiation shield
device of a fourth embodiment of the present invention, 1llus-
trating the multiple magnetic field generators at various axial
positions of the spacecraft;

FI1G. 10 1s a side cross-sectional view of the radiation shield
device of F1G. 9, illustrating the magnetic flux lines generated
by the magnetic field generator to provide 1sotropic protec-
tion from particles of radiation;

FI1G. 11 1s a perspective, environmental view of a radiation
shield device of a fifth embodiment of the present invention,
illustrating the multiple magnetic field generators at two axial
positions of a ground habaitat;

FI1G. 12 1s a side cross-sectional view of the radiation shield
device of FIG. 11, illustrating the magnetic flux lines gener-
ated by the magnetic field generators to provide 1sotropic

protection from particles of radiation;

FIG. 13 1s a perspective, environmental view of a radiation
shield device of a sixth embodiment of the present invention,
illustrating the multiple magnetic field generators at two axial
positions of a personal protection suit;

FI1G. 14 1s a side cross-sectional view of the radiation shield
device of FIG. 13, illustrating the magnetic flux lines gener-
ated by the magnetic field generators to provide 1sotropic
protection from particles of radiation;
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FIG. 15 1s a side cross-sectional view of a radiation shield
device of a seventh embodiment of the present invention,
illustrating magnetic field generators at four axial positions of
a satellite;

FIG. 161s a side cross-sectional view of the radiation shield
device of FIG. 15, 1llustrating the magnetic flux lines gener-
ated by the magnetic field generators to provide 1sotropic
protection from particles of radiation;

FIG. 17 1s a side cross-sectional view of a radiation shield
device of an eighth embodiment of the present invention,
illustrating magnetic field generators at four axial positions of
a spacecrait, a magnetic shield device, and a spike of high
permeability/saturation metal;

FIG. 1815 a side cross-sectional view of the radiation shield
device of FIG. 17, 1llustrating the magnetic flux lines gener-
ated by the magnetic field generators to provide 1sotropic
protection from particles of radiation;

FIG. 19 1s a side cross-sectional view of a radiation shield
device of a ninth embodiment of the present invention having
magnetic field generators at four axial positions of a space-
craft and a spike of high permeability/saturation metal with
no magnetic shield device, 1llustrating the magnetic flux lines
generated by the magnetic field generators to provide 1sotro-
pic protection from particles of radiation;

FIG. 20A 1s a chart representing the magnetic tlux density
of the magnetic field of the radiation shield device of FIG. 18
as a function of axial distance from the base of the top spike
away Irom the center of the satellite wherein the maximum
flux density amount represents the axially distal end of the
spike;

FIG. 20B 1s a chart representing the magnetic tlux density
of the magnetic field of the radiation shield device of FIG. 18
as a function of radial distance from the axial center of the
sidewall of the satellite, wherein the plotted flux densities
begin at a radial distance of 0.5 meter from the sidewall and
extend radially an additional 1.0 meter;

FIG. 20C 1s a chart representing the magnetic flux density
of the magnetic field of the radiation shield device of FIG. 18
as a function of axial distance from the base of the bottom
spike away Irom the center of the satellite wherein the maxi-
mum flux density amount represents the axially distal end of
the spike;

FIG. 21A 1s a graphic representation of 1ons approaching
the radiation shield device of FIG. 18 at an angle of approach,
relative to the axis of the magnetic field generator, of 0°;

FIG. 21B 1s a graphic representation of 1ons approaching
the radiation shield device of FIG. 18 at an angle of approach,
relative to the axis of the magnetic field generator, of 20°;

FIG. 21C 1s a graphic representation of 1ons approaching,
the radiation shield device of FIG. 18 at an angle of approach,
relative to the axis of the magnetic field generator, of 40°;

FIG. 21D 1s a graphic representation of 1ons approaching
the radiation shield device of FIG. 18 at an angle of approach,
relative to the axis of the magnetic field generator, of 50°;

FIG. 21E 1s a graphic representation of 1ons approaching,
the radiation shield device of FIG. 18 at an angle of approach,
relative to the axis of the magnetic field generator, of 60°;

FIG. 21F 1s a graphic representation of 1ions approaching
the radiation shield device of FIG. 18 at an angle of approach,
relative to the axis of the magnetic field generator, of 70°;

FIG. 21G 1s a graphic representation of 1ons approaching,
the radiation shield device of FIG. 18 at an angle of approach,
relative to the axis of the magnetic field generator, of 80°; and

FIG. 21H 1s a graphic representation of 1ons approaching,
the radiation shield device of FIG. 18 at an angle of approach,
relative to the axis of the magnetic field generator, of 140°.
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DETAILED DESCRIPTION OF THE INVENTION

The present mvention now will be described more fully
hereinafter with reference to the accompanying drawings, in
which some, but not all embodiments of the invention are
shown. Indeed, the invention may be embodied 1n many dif-
terent forms and should not be construed as limited to the
embodiments set forth herein; rather, these embodiments are
provided so that this disclosure will satisty applicable legal
requirements. Like numbers refer to like elements through-
out.

With reference to FIGS. 2-6, a radiation shield device 1n
accordance with one embodiment of the present invention 1s
illustrated. The radiation shield device 10 of FIGS. 2-6 1s
described herein as providing protection from radiation for a
manned space vehicle or a habitat for celestial bodies, par-
ticularly during CME events. However, further embodiments
of the present invention comprise radiation shield devices for
any situation where protection from particle radiation 1is
desired both within and beyond the earth’s atmosphere under
any circumstance.

Reference will now be made to the prior art solenoid 20 of
FIG. 1 illustrating a coil of conductive, or superconductive,
material and representing the magnetic flux lines of the mag-
netic field 22 generated by the solenoid when an electrical
current 1s passed through the solenoid, as known 1n the art.
Solenoids typically define an axial length of material that 1s at
least as long 1n an axial direction as the diameter 1s wide 1n a
radial length. Furthermore, multiple solenoids may be pro-
vided to define a toroid that generates a single magnetic field,
as known in the art. Referring again to FIG. 1, arepresentation
of the magnetic flux density in relation to a radial distance 1s
illustrated. For the solenoid 20 of FIG. 1, the magnetic flux
density within the area encircled by the solenoid, and imme-
diately contiguous thereto, 1s approximately 4 Tesla for FIG.
1, and quickly tapers off as the distance from the solenoid
increases, to less than 1 Tesla for FIG. 1. Therefore, prior art
solenoid structures could provide protection against particle
radiation from such sources as CMEs, but the amount of
material necessary for a prior art solenoid 1s very weight
prohibitive for certain uses, such as for spacecratt.

Referring now to the radiation shield device 10 of FIG. 2,
the radiation shield device comprises a magnetic field gen-
erator 30 having superconductive material 32 for providing a
magnetic field 34 around an area 36 to shield the area from
radiation, such as protons and heavy 1ons. The magnetic field
generator 30 of FIGS. 2-4 1s a solenoid comprising a coil of
superconductive material; however, further embodiments of
the present invention comprise magnetic field generators
defining alternative configurations of the superconductive
material. The magnetic field generator 30 1llustrated 1n FIG.
2, provides a magnetic field 34 of approximately 2 Tesla, near
the coil of superconductive material 32 and of approximately
0.5 Tesla, within and beyond the coil of superconductive
material, to give non-limiting examples of magnetic flux den-
sities. Therefore, the magnetic field generator of FIG. 2 pro-
vides a magnetic field 34 having a flux density of approxi-
mately 2 Tesla. The magnetic field generator of the present
invention preferably provides magnetic fields having a mag-
netic flux density 010.5 to 10 Tesla, more preferably between
1 and 8 Tesla, and most preferably between 2 and 5 Tesla. The
amount of magnetic flux density provided by the magnetic
field generator 1s predetermined based upon the energy of the
particles that the radiation shield device 1s intended to shield
against, as described more fully below.

Referring again to FIGS. 2-4, the magnetic field generator
30 defines a solenoid having an axial length that 1s substan-
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6

tially smaller than a diameter of the solenoid. For the 1llus-
trated embodiment of FIGS. 2-4, the solenoid defines a diam-
cter of approximately 4 meters and an axial length, in the
direction of the y-axis, of less than 1 meter, to list one non-
limiting example. Solenoids having an axial length that i1s
substantially smaller than the diameter, specifically less than
25% of the diameter, 1s preferred for reasons of form factor
and manufacturability. Further embodiments of the present
invention iclude solenoids having alternative relationships
between the axial length and diameter. Still further embodi-
ments of the present invention include magnetic field genera-
tors that define shapes other than circular, such as multi-
dimensional shapes such as spherical or two-dimensional
shapes such as ellipses or polygons, to list non-limiting,
examples, that provide sullicient radiation protection for the
area around which the magnetic field generator 1s disposed.
Specifically, the magnetic field generator 1s considered to be
around the area 11 1t encircles a part or all of the area 1n one or
more dimensions. Therefore, 1t the area to be shielded 1s
generally rectangular 1n cross-section, to define one non-
limiting example, the solenoid comprises a generally rectan-
gular shape around the area and 1s preferably embedded
within the structure defining the area to minimize the volu-
metric space occupied by the magnetic field generator. FIG. 6
provides an illustration of one embodiment of the present
invention that 1s circular and included along the outer surface
of the spacecratt, as described more tully below.

The detlection of particle radiation 1s partially represented
in FIGS. 3 and 4. FIG. 3 shows the approach of multiple
particles 38 from various points along the x-axis, y-axis, and
z-axis and the various angles of deflection caused by the
magnetic field that 1s represented 1n FIG. 2. A side view of
FIG. 3 1s provided in FIG. 4, which shows the various trajec-
tories of some of the particles 38 approaching from the left
side (from the perspective of the approaching particle). The
area 36 shielded from the particle radiation 1s also 1llustrated
in FIG. 4. For the embodiment of FIGS. 2-4, the area pro-
tected from particle radiation generally defines the same
diameter as the magnetic field generator and generally defines
an axial length that 1s approximately half the diameter of the
magnetic field generator, such as 2 meters for the 1llustrated
embodiment. The relative dimensions of the axial length and
diameter of the protected area 1s 1n part based upon the mag-
netic flux density of the magnetic field generated by the
radiation shield device because of the relatively larger and
more extended magnetic flux densities provide areas of pro-
tection with relatively greater axial length.

The particles 38 illustrated in FIGS. 3 and 4 represent
proton radiation from the sun during a CME, wherein the
protons define an energy of approximately 20 MeV. The
radiation shield device 10 of the present invention preferably
shields the area 36 from radiation particles defining an energy
up to 100 MeV, and more preferably up to 150 MeV. There-
fore, the radiation shield device of the present invention pro-
tects the area 36 from substantially all direct particle radia-
tion, while also precluding indirect radiation (gamma rays,
X-rays, or the like) that would be created 11 the particle radia-
tion were absorbed.

The magnetic field generator 30 of the present mvention
comprises superconductive material 32 to enable the genera-
tor to generate amagnetic field 34 of a preferred magnetic flux
density while requiring relatively little electrical energy. The
superconductive material 32 of the illustrated magnetic field
generators 30 comprises a coil Niobium-Titanium (NbT1)
embedded 1n a copper wire/sheath, as known 1n the supercon-
ductive art. Further embodiments of the present invention
include alternative superconductive materials, provide alter-
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native ratios of superconductive material-to-sheathing, and
comprise materials for doping the superconductive material
to improve performance to operate at high magnetic fields. To
have superconductive properties, the material 32 must be at a
temperature below 1ts critical superconducting temperature
onset level and as close to absolute zero as possible, prefer-
ably 40° K or lower, more preferably less than 25° K, and
most preferably less than 10° K. The radiation shield device
10 of the illustrated embodiments preferably comprises a
thermal control system in thermal communication with the
superconductive material to lower the temperature of the
superconductive material to a desired temperature. The ther-
mal control system of the illustrated embodiments 1s prefer-
ably an open loop system that includes a predetermined
amount of coolant that 1s stored apart from the superconduc-
tive material until immediately prior to operation of the radia-
tion shield device. To lower the temperature of the supercon-
ductive material, the coolant 1s placed 1n direct or indirect
thermal communication, through conduits or the like, so that
the coolant draws heat out of the superconductive material, as
known 1n the art. Specifically, the radiation shield dewce of
the present invention includes liquid helium or liquid neon as
the coolant which absorbs thermal energy from the supercon-
ductive material as the liquid helium or liquid neon converts
from a liquid to a gas (that 1s subsequently vented), as known
in the art. Liquid neon typically cools the superconductive
maternial to 20° K to 25° K, while liquid helium cools the
superconductive material to 5° K to 10° K; therefore, a ther-
mal control system comprising liquid helium 1s preferred
because the lower temperatures attained with liquid helium
will enable the magnetic field generator to provide a magnetic
field with a given magnetic flux density using relatively less
superconductive material. Because the radiation shield
device of the 1llustrated embodiment 1s specifically designed
to protect an area of a spacecratit, such as a crew compartment,
from CME radiation, which may span a period of a day or
two, the thermal control system includes a sufficient amount
of coolant to maintain the desired temperature of the super-
conductive material for a desired period of time. An example
ol a sufficient amount of coolant for a CME 1s approximately
2 liters of liquid heltum. Further embodiments of the radiation
shield device include thermal control systems having alterna-
tive types and/or amounts of coolants that are specifically
intended for alternative environments, purposes, and/or dura-
tions.

Further embodiments of the present invention include a
thermal control system that comprises a closed loop system
defining a refrigeration cycle. Such a system may be preferred
in applications where energy consumption 1s relatively less
critical. The refrigeration cycle of the thermal control system
comprises one or more compressors, condensers, heat fins,
and the like, as known 1n the art, that are in thermal commu-
nication with the superconductive material to lower the tem-
perature of the superconductive material to a predetermined
level. Therelore, a refrigeration cycle will be capable of pro-
viding indefinite cooling of the magnetic field generator, pre-
suming the energy to run the refrigeration cycle 1s available.
Still further embodiments of the present invention comprise
alternative thermal control systems for controlling the tem-
perature of the superconductive material.

The superconductive material 1s preferably maintained at a
temperature as close as possible to absolute zero to maximize
the magnetic flux density of the magnetic field generated by a
given electrical current passing through the superconductive
material. To generate the magnetic field, the radiation shield
device of the present invention lowers the temperature of the
superconductive material to a predetermined level and then
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sends an electrical current of a given amount through the
superconductive material. The current will continue through
the superconductive material for an extended period of time,
as known 1n the art, based upon various parameters of the
superconductive material. Preferably, an electrical current of
at least 1,000 Amps 1s provided to the superconductive mate-
rial that includes at least 1,000 turns of active tlux generation,
such that the coil of superconductive material comprises at
least 1,000,000 Ampere-turns and more preferably comprises
at least 2,000,000 Ampere-turns. Further embodiments of the
present invention comprise alternative amounts of electrical
current and/or turns of active tlux generation to provide a
magnetic field having a suilicient magnetic flux density to
shield the area encircled by the magnetic field generator.

A second embodiment of the radiation shield device 110 1s
shown 1n FIG. 5, wherein the radiation shield device com-
prises a magnetic shield device 112 to substantially shield the
area 136 from the magnetic field. Extended exposure to mag-
netic fields 1s arguably harmiul to humans, electronic com-
ponents, and/or other objects, and because the magnetic field
generator does produce a magnetic field within the area 36 for
the embodiment of FIGS. 2-4 which does not include a mag-
netic shield device, a magnetic shield device 112 may be
provided to substantially shield the area 136 of FIG. 5 from
the magnetic field 134. As shown 1n the graph of FIG. 5, the
magnetic shield device 112, when of sullicient thickness and
magnetic properties 1s disposed between the magnetic field
generator 130 and the area 136 to be shielded from radiation,
such as the crew compartment of a spacecraft, substantially
reduces the magnetic flux density of the magnetic ficld 134
while providing a magnetic flux density of approximately
1.35 along the outer perimeter of the magnetic field generator,
to provide non-limiting examples of magnetic flux densities.
The paths of magnetic flux lines are 1llustrated 1n FIG. § and
shown to travel through the magnetic shield device rather than
through the area 136.

The magnetic shield device 112 of the radiation shield
device 110 of FIG. § comprises a layer of high magnetic
permeability/saturation material that preferably comprises a
single layer having at least two of the following materials:
nickel, iron, copper, molybdenum, and chromium. One non-
limiting example of a high magnetic permeability/saturation
maternal 1s the magnetic shield device 112 of FIG. 5, which
comprises a single layer of Mumetal® (also known as Hip-
ernom®, HyMu-80®, and Permalloy) which 1s available
from Goodfellow Corp. of Devon, Pa., among other sources.
Another choice for magnetic shuelding material would be
common purified 1ron, at 99.9% purity, which exhibaits a rela-
tive magnetic permeability of 350,000 and supports satura-
tion fluxes of 2.16 Tesla. The layer of the magnetic shield
device 112 preferably defines a cross-sectional pattern that 1s
substantially equivalent to, though slightly smaller than, the
cross-sectional pattern of the magnetic field generator 130.
The magnetic shield device 112 also defines an axial length
that 1s longer than the axial length of the magnetic field
generator and preferably defines an axial length that 1s sub-
stantially equivalent to the axial length of the area 136 pro-
tected from radiation so that a substantially equivalent vol-
ume of area 1s also shielded from the magnetic field 134. The
layer of high magnetic permeability/saturation material of
FIG. 5 preferably defines a radial thickness of 5 to 10 mm;
however, further embodiments of the radiation shield device
include magnetic shield devices having alternative thick-
nesses, alternative numbers of layers, and alternative axial
lengths and cross-sectional patterns to shield the area.

The radiation detection device and methods comprise an
antenna to communicate directly, or via the earth, with one or
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more satellites that are approximately located between the
sun and the spacecrait and that include radiation detection
sensors for detecting radiation that contacts the satellite to
provide warning signals to the spacecralt of approaching
radiation. Still further embodiments of the present invention
include radiation detection devices and methods comprising
onboard sensors and processing circuitry for detecting the
approach of radiation. Preferably, adequate time 1s provided
to cool the superconductive material, as described above, and
start the magnetic field generator, as described above, to
provide radiation protection once the radiation arrives. Still
turther embodiments of the mvention comprise alternative
radiation detection devices and methods for determining the
approach of radiation, either for space exploration applica-
tions or other uses.

A spacecralt 200 that includes a radiation shield device 210
of the present invention 1s illustrated 1n FIGS. 6 and 7. The
spacecrait 200 defines a cylindrical shape having a total axial
length of approximately 2 meters and a diameter of approxi-
mately 4 meters. The spacecraft 200 1s also capped with a
hemispherical nose that might not be protected 1n some
embodiments of the present invention. The interior of the
spacecrait 200 comprises the area 236 which 1s protected
from radiation by the radiation shield device 210, and may
house one or more crew members, such as the two members
illustrated 1n FIG. 6, or may house no crew members. The
spacecrait 200 preferably comprises one or more modules of
the crew exploration vehicle (CEV) currently being devel-
oped for space exploration. The CEV 1s a multi-element
vehicle configuration, which may include both manned and
unmanned elements, any of which may be protected by the
radiation shield device 210 of the present invention. For
example, the spacecrait 200 of FIG. 6 1s a crew compartment
for the CEV 1n some embodiments of the present invention,
such that the crew compartment 1s protected from radiation by
the radiation shield device 210.

The radiation shield device 210 includes the magnetic field
generator 230, which 1s preferably a solenoid of supercon-
ductive material 232, encircling the area 236 at approxi-
mately the axial center of the spacecrait. The magnetic field
generator 230 may define any radial thickness, and the radial
thickness 1s advantageously minimized at least for reasons of
form factor. The radiation shield device 210 also 1ncludes a
magnetic shield device 212 along the cylindrical portion of
the spacecraft 200. The magnetic shield device 212 may
define any surface of the spacecraft structure, such as the
outer surface as 1llustrated 1n FIG. 6.

The radiation shield device 210 of FIG. 6 also includes a
thermal control system 250 that may be either an open loop or
closed loop system, as described above. It the thermal control
system 230 1s an open loop system, the coolant lines 252
transier stored liquid neon or liquid helium to the supercon-
ductive material 232 to cool the material. Similarly 1f the
thermal control system 230 1s a closed loop system, the cool-
ant lines 252 transier the refrigerant to and from the compres-
sor and condenser, or other refrigeration components, of the
thermal control system. The radiation shield device 210 also
includes a radiation detection device and method that com-
prises an antenna 254 that enables communication with earth-
based and/or celestial-based support. The antenna 254 of
FIG. 6 1s a planar antenna; however, further embodiments of
the radiation shield device comprise antennas of alternative
configuration, such as parabolic/hyperbolic antennas, horn
antennas, or the like.

Information recerved through the antenna 254 1s trans-
terred to the terminal 256 which preferably includes a display
for a crew member to view the data. The terminal 256 includes
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a radio transceiver and processing circuitry to determine 1f
radiation 1s approaching and includes components, such as
thrusters or the like, to orient the spacecrait 200 to a desired
orientation relative to the sun 1n the event of a CME.

The present invention also provides methods for manufac-
turing a radiation shield device that provides radiation pro-
tection to an area. The manufacturing method of the embodi-
ments of the mvention relating to spacecrait assembly
advantageously include assembly techniques and component
configurations that minimize the weight and volume of the
radiation shield device, particularly 1in applications where
welght and size are important parameters. FIG. 8 1s a tlow
chart illustrating steps 300 through 306 for manufacturing a
radiation shield device by one method of the present inven-
tion. Step 300 comprises mstalling a magnetic field generator,
such as a solenoid, of superconductive material around the
area to be shielded from radiation. Step 302 comprises pro-
viding a thermal control system 1n thermal communication
with the superconductive material. Furthermore, step 304
comprises positioning a magnetic shield device between the
magnetic field generator and the area to be shielded from
radiation. Finally, step 306 comprises providing a radiation
detection device. Further embodiments of the present inven-
tion may comprise additional steps, fewer steps, and/or alter-
native steps to manufacture radiation shield devices of the
present invention.

Referring now to the embodiments of the present invention
illustrated 1n FIGS. 9-18, the radiation shield device provides
substantially 1sotropic protection by defining magnetic field
generators of various shapes. The shape of the magnetic field
generators illustrated 1n FIGS. 2-6 are generally cylindrical,
whereas in the embodiments of FIGS. 9-18, a magnetic field
generator having at least one trapezoidal portion provides
substantially 1sotropic radiation protection. The term “trap-
ezoidal portion™ 1s used herein to describe a portion of a
magnetic field generator wherein the radial distance of the
solenoid coil or other magnetic field generator from a center-
line or axis of the coil or magnetic field generator to the
trapezoidal portion decreases as the coil or magnetic field
generator extends 1n an axial direction, preferably 1n an axial
direction away from the center of the area being protected,
such that a side view of the spiral trapezoidal portion gener-
ally defines a trapezoid to describe one non-limiting example.
Alternative trapezoidal portions of the present invention may
include curved portions, when viewed from a side, or may
include portions that increase and decrease along various
axial positions, to describe further non-limiting examples.
The trapezoidal portions of the present invention provide a
magnetic field that proximate the trapezoidal portions
extends 1n a relatively more radial direction than the magnetic
field provided by a cylindrical portion alone, thus providing
1sotropic protection from radiation. By including a radiation
shield device that provides substantially 1sotropic protection
from radiation from CMEs or other sources, the radiation
shield device does not require or prefer a predetermined ori1-
entation relative to the approaching radiation.

The radiation shield device 310 of FIGS. 9 and 10 15 1llus-
trated on an outer portion of a spacecrailt to provide substan-
tially 1sotropic protection to an area 336 within the spacecratt.
The radiation shield device 310 comprises at least one mag-
netic field generator 330, such as the four magnetic field
generators of FIG. 9, mounted on an outer portion of the
spacecrait and having superconductive material for providing
amagnetic field 334, as shown in FIG. 10, around the area 336
to shield the area from radiation. The magnetic field generator
of FIGS. 9 and 10 comprises four trapezoidal portions 330a-
3304 along the axial length of the spacecraft. The north N and
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south S poles of each magnetic field generator 330 are 1llus-
trated; however, 1t should be appreciated that the poles of the
individual magnetic field generators can be reversed while
providing generally equivalent protection from radiation. The
magnetic field generators 330 are preferably solenoids of
superconductive material as described for the embodiments
above. The radiation shield device 310 of FIGS. 9 and 10 also
includes a magnetic shield device 312 of a high magnetic
permeability/saturation material, as described for the
embodiments above.

As shown 1n FIG. 10, the trapezoidal portions 330a-330d
ol the magnetic field generator provide magnetic flux lines
334 that proximate the axial distal ends of the spacecratit
extend 1n a substantially radial direction to thereby provide
protection from radiation approaching in a substantially axial
direction. Accordingly, the magnetic field generator 330 pro-
vides substantially 1sotropic radiation protection to the area
336, while the magnetic shield device 312 substantially
shields the area from the magnetic field 334 generated by the
magnetic field generator. Therefore, the spacecrait will not
necessarily need to be positioned 1n a predetermined orienta-
tion to provide protection from approaching radiation.

Referring now to FIGS. 11 and 12, the radiation shield
device 410 1s illustrated on an outer portion of a ground
habaitat to provide substantially 1sotropic protection to an area
436 within the ground habitat. The radiation shield device 410
comprises at least one magnetic field generator 430 mounted
on an outer portion of the ground habitat, such as one trap-
ezoidal portion 430q proximate the roof of the ground habitat
and one generally cylindrical portion 4306 proximate the
walls of the ground habitat. The surface ground provides
radiation protection to the lower hemisphere of the ground
habitat. The magnetic field generators of FIG. 11 include
Niobium-Titamum as the superconductive material. The
radiation shield device 410 of FIGS. 11 and 12 also includes
amagnetic shield device 412 of a high magnetic permeability/
saturation material, as described for the embodiments above.

As shown 1 FIG. 12, the trapezoidal portion 430a of the
magnetic field generator provides magnetic flux lines 434 that
proximate the roof of the ground habitat, which may define a
roof line of any angle or shape, extend 1n a substantially radial
direction to thereby provide protection from radiation
approaching in a substantially axial direction. Accordingly,
the magnetic field generator 430 provides substantially 1so-
tropic radiation protection to the area 436, while the magnetic
shield device 412 substantially shields the area from the mag-
netic field 434 generated by the magnetic field generator.
Theretore, the ground habitat will be protected from radiation
approaching from any direction. Therefore, the need to pro-
vide adequately thick layers of passive absorption material or
the need to haul mining equipment to gather regolith material
for constructing shielding would be eliminated by the radia-
tion shield device 410. The radiation shield device 410 of
FIG. 11 would also allow a crew to be protected without
requiring the crew be confined to a relatively smaller area for
periods up to several days or a week during a CME event.

Referring now to FIGS. 13 and 14, the radiation shield
device 510 1s illustrated on an outer portion of a personal
protection suit to provide substantially 1sotropic protection to
an arca 536 within the personal protection suit. The radiation
shield device 510 comprises at least one magnetic field gen-
erator 530, such as one trapezoidal portion 530a proximate
the shoulders of the personal protection suit and one generally
cylindrical portion 53305 proximate the waist of the personal
protection suit. The surface ground provides radiation protec-
tion to the lower hemisphere of the personal protection suit.
The magnetic field generators of FIG. 13, include Niobium-
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Titanium as the superconductive material. The personal pro-
tection suit of the present mvention provides radiation pro-
tection away from a vehicle or habitat. Without such
protection, individuals would be required to stay within a few
minutes from a protected vehicle or habitat in order to be
protected from radiation from CMEs or other sources.
Whereas the weight of the radiation shield device 1s important
in substantially all embodiments of the present invention, the
weight of the radiation shield device 1s particularly important
with regards to the personal protection suit because a radia-
tion shield device having a prohibitive amount of weight
would not be practical. For the embodiment illustrated in
FIGS. 13 and 14, the trapezoidal portion 530a and the gener-
ally cylindrical portion 5305 each provide 1,000,000 ampere-
turns to produce 2-5 Teslas of repelling magnetic shielding
proximate the magnetic field generator. The waist coil, or
generally cylindrical portion 5305, of Niobium-Titanium
capable of 3,000 amperes provided 1 300 turns would be 0.5
meters 1n diameter, thus requiring 0.45 kilometers of wire
weighing 24 pounds per kilometers, thus weighing 11
pounds. Similarly, the shoulder coil, or trapezoidal portion
530a, of Niobium-Titanium capable of 3,000 amperes pro-
vided 1 300 turns would have an average diameter of 0.42
meters, thus requiring 9 pounds of material, totaling approxi-
mately 20 pounds for the two coils. The thermal control
system 550 would weigh an additional 1 to 2 pounds. The
entire radiation shield device 510 would weigh about 22
pounds, which 1n many applications of the personal protec-

tion suit would be a reasonable amount of additional weight,
especially 1n space settings with lower gravitational forces.

As shown 1n FIG. 14, the trapezoidal portion 530a of the
magnetic field generator provides magnetic flux lines 5334 that
proximate the upper hemisphere of the personal protection
suit extend 1n a substantially radial direction to thereby pro-
vide protection from radiation approaching in a substantially
axial direction. Accordingly, the magnetic field generator 530
provides substantially isotropic radiation protection to the
area 536, while the magnetic shield device 512 substantially
shields the individual from the magnetic field 534 generated
by the magnetic field generator. Therefore, the personal pro-
tection suit will be protected from radiation approaching from
any direction.

Referring now to FIGS. 15 and 16, the radiation shield
device 610 1s illustrated on an outer portion of a satellite to
provide substantially i1sotropic protection to an arca 636
within the satellite. The radiation shield device 610 comprises
at least one magnetic field generator 630, such as one trap-
ezoidal portion 630a and 630d proximate each axial endcap
of the satellite and two generally cylindrical portion 6305 and
630c proximate the side walls of the satellite. The magnetic
field generators of FIG. 15, include Niobium-Titanium as the
superconductive material. The radiation shield device 610 of
FIGS. 15 and 16 also includes amagnetic shield device 612 of
a high magnetic permeability/saturation material, as
described for the embodiments above. The magnetic field
generator provides 3,000,000 ampere turns for each of the
trapezoidal portions 630a and 6304 and 2,000,000 ampere
turns for each of the generally cylindrical portions 6306 and
630c¢ for a total 10,000,000 ampere turns for the magnetic
field generator, to describe one non-limiting example of a
magnetic field generator. The magnetic field generator 630
provides approximately 100% protection from 150 MeV pro-
tons approaching at various directions; however, further
embodiments of the present mvention may protect against
less than 100% of radiation while providing substantially
1sotropic protection against impinging radiation.
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As shown i FIG. 16, the trapezoidal portions 630a and
6304 of the magnetic field generator provide magnetic flux
lines 634 that extend 1n a substantially radial direction proxi-
mate the axial endcaps to thereby provide protection from
radiation approaching 1n a substantially axial direction.
Accordingly, the magnetic field generator 630 provides sub-
stantially 1sotropic radiation protection to the area 636, while
the magnetic shield device 612 substantially shields the area
from the magnetic field 634 generated by the magnetic field
generator. Therefore, the satellite will be substantially 1sotro-
pically protected from radiation.

Referring now to FIGS. 17 and 18, the radiation shield
device 710 1s 1illustrated on an outer portion of a satellite,
similar to the embodiment of FIGS. 15 and 16, but wherein
the radiation shield device includes a spike 700 extending
from each of the axial endcaps to change the shape of the
magnetic field 734 and thereby provide additional protection
from radiation relative to embodiments that do not include a
spike. The spike 700 preferably comprises a high permeabil-
ity/saturation material, such as Mumetal® or 99.9% pure 1ron
and preferably defines a cylindrical rod that 1s approximately
2 centimeters 1 diameter and 80 centimeters long; however,
turther embodiments of the present invention may comprise
one or more spikes of any material, shape, or size. The spike
may be any protrusion from the magnetic shield device 712
extending in a direction away from the protected area 736, or
the spike may be any protrusion that begins proximate the
perimeter of the area 836 protected from radiation and that
extends away from the center of the area. Preferably, the spike
1s axially aligned with the central axis of one or more mag-
netic field generators 730, as illustrated 1n FIGS. 18 and 19;
however spikes of further embodiments of the present inven-
tion may extend away from the center of the protected area in
any direction relative to the magnetic field generators. As
shown 1n FIGS. 18 and 19, the spikes 700 and 800 cause the
magnetic tlux lines 734 and 834 proximate the spikes to
extend 1n a substantially radial direction to thereby provide
protection from radiation approaching in a substantially axial
direction. FIGS. 20A, 20B, and 20C are provided to illustrate
the flux densities proximate the top spike 1n an axial direction,
proximate the axial center 1n a radial direction, and proximate
the bottom spike 1n an axial direction, respectively. FIGS.
21A-21H are provided to illustrate how a satellite with a
magnetic field generator and a spike of the present invention
1s able to detlect substantially all approaching 1on particle
radiation at various angles of approach, thus demonstrating
the substantially 1sotropic protection afforded by the radia-
tion shield device of the present mnvention.

FIG. 19 illustrates one embodiment of the mmvention in
which a spike 800 of high permeability/saturation metal 1s
provided at each axial end of the area 836 protected from
radiation but no magnetic shield device 1s provided. As shown
in FIG. 19, not only does the magnetic field enter the area 836
protected from radiation, but the magnetic flux lines 834
proximate the spikes 800 are relatively less radially oriented
when compared with comparable magnetic flux lines 734 of
the embodiment of FIG. 18 having a magnetic shield device
712. However, the embodiment of FIG. 19 does provide sub-
stantially 1sotropic protection from approaching radiation
from CMFEs or other sources. The spikes may be used with
cach illustrated embodiment of the present invention and all
turther embodiments of the present invention to improve the
radiation protection afforded by the respective radiation
shield device.

Many modifications and other embodiments of the mven-
tion set forth herein will come to mind to one skilled in the art
to which the mvention pertains having the benefit of the
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teachings presented 1n the foregoing descriptions and the
associated drawings. Therefore, 1t 1s to be understood that the
invention 1s not to be limited to the specific embodiments
disclosed and that modifications and other embodiments are
intended to be included within the scope of the appended
claims. Although specific terms are employed herein, they are
used 1 a generic and descriptive sense only and not for
purposes of limitation.

That which 1s claimed:

1. A radiation shield device for providing substantially
1sotropic radiation protection to an area, the radiation shield
device comprising:

a magnetic field generator comprising superconductive
material for providing a magnetic field around the area to
shield the area from radiation, wherein the magnetic
field generator further comprises at least one trapezoidal
portion;

a passive magnetic shield device comprising a layer of high

magnetic permeability/saturation material disposed
between the magnetic field generator and the area;

a spike extending from the magnetic shield device 1 a
direction away from an interior of the area and config-
ured to at least partially shape the magnetic field; and

a thermal control system for controlling a temperature of
the superconductive material.

2. A radiation shield device according to claim 1 wherein
the magnetic field generator comprises a solenoid.

3. A radiation shield device according to claim 1 wherein
the magnetic field generator provides a magnetic field having,
a magnetic flux density of 0.5 to 10 Tesla.

4. A radiation shield device according to claim 1 wherein
the superconductive material of the magnetic field generator
comprises a coil of Niobium-Titanium embedded 1n a copper
wire.

5. A radiation shield device according to claim 1 wherein
the magnetic field generator defines a central axis, and
wherein the spike 1s axially aligned with the central axis of the
magnetic ficld generator.

6. A radiation shield device according to claim 1 wherein
the spike 1s spaced from each magnetic field generator.

7. A radiation shield device for providing substantially
1sotropic radiation protection to an area, the radiation shield
device comprising;

a magnetic field generator comprising superconductive
material for providing substantially 1sotropic radiation
protection around the area to shield the area from radia-
tion;

a spike spaced apart from each magnetic field generator,
extending from the area 1n a direction away from an
interior of the area and configured to at least partially
shape a magnetic field created by the magnetic field
generator; and

a thermal control system for controlling a temperature of
the superconductive material.

8. A radiation shield device according to claim 7 wherein
the magnetic field generator comprises at least one trapezoi-
dal portion.

9. A radiation shield device according to claim 7 wherein
the magnetic field generator provides a magnetic field having,
a magnetic tlux density of 0.5 to 10 Tesla.

10. A radiation shield device according to claim 9 wherein
the magnetic superconductive material of the field generator
comprises a coil of Niobium-Titanium embedded 1n a copper
wire.
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11. A radiation shield device according to claim 7 wherein
the magnetic field generator 1s mounted on an outer portion of
a satellite to substantially 1sotropically protect an area of the
satellite from radiation.

12. A radiation shield device according to claim 7, further
comprising a magnetic shield device for substantially shield-
ing the area from the magnetic field generated by the solenoid
ol superconductive material.

13. A radiation shield device according to claim 12 wherein
the magnetic shield device comprises a passive magnetic
shield device comprising a layer of high magnetic permeabil-
ity/saturation material disposed between the magnetic field
generator and the area, and wherein the spike extends from
the magnetic shield device.

14. A radiation shield device according to claim 7 wherein
the magnetic field generator defines a central axis, and
wherein the spike 1s axially aligned with the central axis of the
magnetic field generator.

15. A method of manufacturing a radiation shield device
that provides 1sotropic radiation protection to an area, the
method comprising the steps of:

installing a solenoid of superconductive material around

the area to be shielded from radiation, wherein at least
one solenoid of superconductive material comprises at
least one trapezoidal portion, and wherein the solenoid
defines a central axis;

providing a spike that 1s axially aligned with the central

axis defined by the solenoid, that extends from the area
in a direction away from an interior of the area and that
1s configured to at least partially shape a magnetic field
created by the solenoid; and

providing a thermal control system 1n thermal communi-

cation with the superconductive material.

16. A method according to claim 15, further comprising the
step of positioning a magnetic shield device between the
solenoid of superconductive material and the area to be
shielded from radiation.

17. A method according to claim 16 wherein positioning
the magnetic shield device comprises positioning a passive
magnetic shield device comprising a layer of high magnetic
permeability/saturation material between the solenoid and
the area such that the spike extends from the magnetic shield
device.

18. A method according to claim 15, further comprising the
step of providing a radiation detection device and method that
determines the approach of radiation.

19. A method according to claim 15 wherein installing a
solenoid of superconductive material comprises mounting a
solenoid of superconductive material on an outer portion of
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the group consisting of: a spacecrait, a personal protection
suit, a ground habitat, or a satellite.

20. A method according to claim 15 wherein providing the
spike comprises positioning the spike to be spaced apart from
each solenoid.

21. A radiation shield device for providing substantially
1sotropic radiation protection to an area, the radiation shield
device comprising:

a magnetic field generator for providing a magnetic field
around the area to shield the area from radiation, said
magnetic field generator defining a central axis; and

at least one spike of high magnetic permeability/saturation
material extending from proximate a perimeter of the
area 1n a direction away from a center of the area, said
spike axially aligned with the central axis defined by the
magnetic field generator.

22. A radhation shield device according to claim 21 wherein
the magnetic field generator further comprises at least one
trapezoidal portion.

23. A radhation shield device according to claim 21 wherein
the magnetic field generator comprises a solenoid.

24. A radiation shield device according to claim 21 wherein
the magnetic field generator provides a magnetic field having,
a magnetic tlux density of 0.5 to 10 Tesla.

235. A radiation shield device according to claim 21 wherein
the superconductive material of the magnetic field generator
comprises a coil of Niobium-Titanium embedded 1n a copper
wire.

26. A radiation shield device according to claim 21 wherein
the magnetic field generator 1s mounted on an outer portion of
a satellite to substantially 1sotropically protect an area of the
satellite from radiation.

277. A radiation shield device according to claim 21, further
comprising a magnetic shield device for substantially shield-
ing the area from the magnetic field generated by the mag-
netic field generator, wherein the magnetic shield device
comprises a layer of high magnetic permeability/saturation
material disposed between the magnetic field generator and
the area to be shielded from radiation.

28. A radiation shield device according to claim 27 wherein
the spike extends from the magnetic shield device.

29. A radiation shield device according to claim 21 wherein
the spike of high magnetic permeability/saturation material
comprises an element or alloy containing at least one of the
following materials: nickel, 1iron, copper, molybdenum, and
chromium.

30. A radhation shield device according to claim 21 wherein
the spike 1s spaced from each magnetic field generator.
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